The significance of heat moisture treatment (HMT, 15% moisture content, 1 h and 120°C) of single common wheat (WT), teff (T), chestnut (CN) and whole chickpea (CP) flours has been investigated (a) on main chemical, nutritional and functional flour parameters and (b) on visco-metric and thermal behaviours of treated blended breads. Characterization of native and HMT flours evidenced significant (p < 0.05) but discreet effects of the thermal treatment of flours on main functional parameters in terms of promotion of the ability of the flour to associate with water and of the formation of water-soluble molecules from small fragments of amylopectin or amylose. Dilution of the basic wheat flour system by accumulative addition of T, CN and CP flours submitted to partial or total HMT did impact on the disorganization and later reorganization of starch components of the starch-rich blended matrices in excess of water (pasting, gelling) and under water restrictions (retrogradation kinetics). Simultaneous presence of T/CN, T/CP and CN/CP either singly or fully thermally treated provided enhancement of the visco-metric profile on pasting and gelling, and decreased the extent and the rate of amylopectin crystallization on ageing.
Introduction
Grains appear as basic, ubiquitous and healthy raw materials that complement one another in multigrain baked goods to enhance desirable functional and nutritional properties, as reported for ancient, minor cereals, pseudocereals and legumes in wheat-based blended matrices (Collar 2016a) . Highly replaced wheat matrices by non-wheat flours, especially glutenfree flours, exhibit high nutritional and health-related characteristics, but poor functional performance due to the significant dilution of main biopolymers-starch and glutenresponsible for the unique viscoelastic behaviour of wheatbased systems.
Cereal baked products are composed of interconnected air cells surrounded by cell walls formed during baking. In bread, the microstructure of the cell walls is described as a dispersion of starch granules in a continuous protein network (Gray and BeMiller 2003) , or a bicontinuous structure composed of accumulated swollen starch granules and proteins network (Hug-Iten et al. 2003) . Heat moisture treatment (HMT) constitutes a clean label alternative to chemical modification for altering the gelatinization and retrogradation properties of starches (Gunaratne and Hoover 2002) , flours (Collar 2017) , and doughs (Collar and Armero 2018a) , and the aggregation/disaggregation equilibrium of proteins (Mann et al. 2013) .
HMT is reported to alter simultaneously multiple aspects of starch granule structure under controlled conditions of temperature and moisture, and to impart concomitant changes to the physical characteristics and properties of starches (BeMiller and Huber 2015) and starch-based matrices (Collar and Armero 2018a) . The high-temperature, lowmoisture treatment conditions of HMT afford increased mobility to starch chains and helical structures, resulting in major structural changes to both crystalline and amorphous regions of starch granules (Zavareze and Dias 2011) , and may induce molecular degradation of starch chains (Lu et al. 1996) . Since starch swelling and solubilization are restricted by HMT treatments, a change in the competition for available water between starch gelatinization and protein denaturation processes during heating of a composite food matrix may take place. Consequently, the structure development and the textural attributes of the end product could be modified (Collar and Armero 2018b, c) .
In starch matrices, HMT increases the gelatinization temperature and its range, the water binding capacity, the stability of starch pastes to heat and shear, and in most cases the granule susceptibility to enzyme-catalyzed hydrolysis of cereals, legumes and tubers (Biliaderis 2009 ). HMT also decreases the swelling power and, for most starches, their hot paste consistency and solubility (amylose leaching), and the gelatinization enthalpy (LeBail et al. 1993) , being the magnitude of these changes dependent on the moisture content and starch type. An increase in the gelatinization temperature, obtained by hydrothermal treatments, could be an advantage in thermal processing of some foods such as bread, by extending the period of loaf expansion (Biliaderis 2009 ).
In complex starch-based matrices such as flours, information on the effects of HMT on the functional performance of both the raw materials and end-products is limited. Thermal treatment of flours has successfully been applied to wheat (Cetiner et al. 2017) , sorghum (Marston et al. 2016) , barley (Purhagen et al. 2011) , and composite oat-wheat (Verdú et al. 2017) , and barleywheat (Collar and Armero 2018a) flours to improve volume, textural profile and/or keeping behaviour of the resulting cakes (Nakamura et al. 2008; Neill et al. 2012) and/or breads (Collar and Armero 2018b, c) .
In authors' previous studies, HMT effects of non-wheatteff, chestnut and chickpea flours-on dough viscoelastic and starch digestibility parameters and on the structural pattern of breads were investigated in associated wheat-based matrices (Collar and Armero 2018c, d) . Suitable trends for the enhancement of the physical characteristics of breads in terms of larger specific volume, higher viscoelastic and textural profiles, with lower and slower staling kinetics on ageing, were achieved in breads formulated with HMT flours, as compared to native flours.
However, despite the functional and nutritional benefits of HMT blended matrices, as a wholegrain multigrain initiative, to the author's best knowledge, there are not any extensive studies of the effect of the thermal treatment of flour blends on the visco-metric and thermal behaviours of treated mixed breads. The current paper is aiming at investigating how HMT influenced the disorganization and reorganization of starch components in complex systems in excess water (pasting, gelling) and under water restrictions (retrogradation kinetics) in mixed grain matrices.
Materials and Methods

Flours
Commercial flours from refined common wheat Triticum aestivum (WT), teff Eragrostis tef (T), chestnut Castanea sativa (CN) and whole chickpea Cicer arietinum (CP) were obtained from the Spanish market. Refined WT (70% extraction rate) of 195 × 10 −4 J energy of deformation W, 0.57 curve configuration ratio P/L and 58.8% water absorption in Brabender Farinograph, was used. Carboxymethylcellulose Aquasorb® A-500 (CMC) was bought from Copenhagen Pectin (Denmark), and commercial wheat sour dough pie was kindly supplied by Ireks (Spain).
HMT
HMT conditions (15% moisture content, 1 h and 120°C) were selected based on previous experiments (Collar and Armero 2018c) , in which maximization of viscometric profile and minimization of loss of hydration properties of flour samples were applied as criteria. Single T, CN and CP flour samples were thermally treated. Untreated (−) and HMT (+) single flours were used in quaternary blends (T:CN:CP:WT) in the presence of WT− for doughmaking.
Chemical, Nutritional and Functional Characteristics of Native and HMT Flours
Moisture, protein, dietary fibre and fat contents (% flour, dry basis) of native (untreated) and HMT single WT, T, CN and CP flours were determined following the ICC methods (ICC 1976 (ICC -1996 . Two replicates were made for each analysis. Starch content of flours was determined by using total Starch Assay Kit (Megazyme kit AA/AMG). Amylose/ amylopectin ratio (Megazyme kit K-AMYL 07/11) was estimated by using a modification of a Con A method [23] that uses an ethanol pre-treatment step to remove lipids prior to analysis (Morrison and Laignet 1983) . Bulk density was calculated as weight of sample per unit volume of sample (g/mL). The flour samples were gently filled into 10-mL graduated cylinders, previously tared. The bottom of the cylinder was gently tapped on a laboratory bench several times until there was no further diminution of the sample level after filling to the 10-mL mark. Measurements were made in triplicate.
Colour measurements were determined on flours using a Photoshop system following the method previously described by Angioloni and Collar (2009) , and the results were expressed in accordance with the Hunter Lab colour space. The Photoshop (PS Adobe Photoshop CS5 extended) system (L, a, b colour coordinates) was calibrated using colour sheets from Pantone Formula Guide (Pantone, Inc., USA). Images were acquired at 300 pixel resolution with a ScanJet II cx flatbed scanner (Hewlett-Packard, USA). Parameters determined were L (L = 0 [black] and L = 100[white]), a (− a = greenness and + a = redness), b (− b = blueness and + b = yellowness), as described earlier (Angioloni and Collar 2009) . Hunter Lab colour space parameters from Minolta colorimeter were calculated from the calibration linear equation colorimeter vs. Photoshop.
Swelling or the volume occupied by a known weight of fibre was evaluated by mixing 5 g (± 0.1 mg) of fibre with 100 mL distilled water and allowed it to hydrate overnight (Nelson 2001) .
Solvent-retention capacity (SRC) was determined according the AACC method 56-11 (AACC 2005) to quantify potential contributions to water holding capacity by other flour components having water-uptake capabilities (Traynham et al. 2007 ). The solvents used were water, sucrose (50% w/v), sodium bicarbonate (5% w/v) and lactic acid (5% v/v). Twentyfive millilitres of prepared solvent was added to 5 g of flour in 30-mL centrifuge bottles. Centrifugation at 1239g (3,000 rpm) was performed for 15 min. After decanting, a gel remained. Gels were weighed and the SRC value (%) calculated as % SRC = [[(gel wt/flour wt) × (86/(100 − % flour moisture)) − 1)] × 100] for each solvent.
Water absorption index (WAI) and water solubility index (WSI) were determined as described by Singh et al. (2003) with modifications of the heating conditions as follows. The ground flour samples (2.5 g) were mixed with 30 mL distilled water, using a glass rod, and heated at 30 and 60°C for 15 min in a water bath. The cooked paste was cooled to room temperature and transferred to centrifuge tubes and centrifuged at 3000g for 10 min. WAI and WSI were calculated by using the expressions: WAI = Weight of sediment/weight of dry solids WSI = (Weight of dissolved solids in supernatant/weight of dry solids) × 100 SP = WAI/[1 − WSI/100]
Bread Making of Wheat and Wheat-Based Blended Flours
Doughs and breads were prepared from wheat-based blended flours (T, CN, CP) by WT replacement at 34%, and incorporation of ternary blends of T (20%, flour basis), CN (7%, flour basis) and CP (7%, flour basis) flours according to a multilevel factorial design with the following attributes: three experimental factors (T, CN and CP flours) at two levels, coded 0 (untreated) and 1 (HMT), and 5 error degrees of freedom. The model resulted in eight randomized runs in one block. A three-digit bread sample code was set referring to no HMT (0) and HMT (1) T (first digit), CN (second digit) and CP (third digit) flours in sample formulation, as it follows: 110, 101,100, 000, 001, 111, 010, 011. Blended flours (100 g), water (100%, flour basis), commercial compressed yeast (3%, flour basis), salt (2%, flour basis), commercial sour dough pie (5%, flour basis) and CMC (3%, flour basis) were mixed in a 10 kg mixer at 60 rev/min for 10 min up to optimum dough development. Fermented doughs were obtained after bulk fermentation (10 min at 28°C), dividing (300 g), rounding, moulding, panning and proofing up to maximum volume increment (50 min at 28°C), and were baked at 225°C for 25 min to make blended breads, and stored for 0, 1, 3, 6 and 8 days to study kinetics of thermal transitions on ageing.
Visco-metric Properties
The pasting profiles (gelatinization, pasting, and setback properties) were obtained with a Rapid Visco Analyzer (RVA-4, Newport Scientific, Warriewood, Australia) using ICC standard method 162. Freeze-dried composite dough blends (3.5 g, 14% moisture basis) were transferred into canisters, and ≈ 25 ± 0.1 mL of distilled water was added (corrected to compensate for 14% moisture basis). Three replicates were made per sample. The slurry was heated to 50°C and stirred at 160 rpm for 10 s for thorough dispersion. The slurry was held at 50°C for up to 1 min, then heated to 95°C over 3 min 42 s and held at 95°C for 2 min 30 s, and finally cooled to 50°C over 3 min 48 s, and held at 50°C for 2 min. The pasting temperature (°C) (when viscosity first increases by at least 25 mPa/s over a 20-s period), peak time (when peak viscosity occurred), peak viscosity (maximum hot paste viscosity), holding strength or trough viscosity (minimum hot paste viscosity), breakdown (peak viscosity minus holding strength or trough viscosity), viscosity at 95°C (viscosity attained at the beginning of the holding period during cooking), viscosity at the end of the 95°C holding period, viscosity at 50°C (viscosity attained at the beginning of the holding period during cooling), final viscosity (end of test after cooling to 50°C and holding at this temperature), setback (final viscosity minus peak viscosity), and total setback (final viscosity minus holding strength) were calculated from the pasting curve using Thermocline v. 2.2 software (Collar 2016b ).
Thermal Properties
Thermal properties regarding starch retrogradation, and amylose-lipid complexation of fresh and stored blended bread samples were assessed in a Differential Scanning Calorimeter Perkin-Elmer DSC-7 (Norwalk, USA) according to the method previously reported by Collar et al. (2015) . Sample pans containing about 50-70 mg of bread were scanned at 25°C for 1 min, and then heating from 25 to 130°C at a rate of 10°C/min. An empty stainless steel pan was used as reference. The enthalpy of amylopectin retrogradation (ΔH r ) and the enthalpy for amylose-lipid complex dissociation (ΔH d ) were calculated, and T o , T p and T e for the different thermal transitions, identified. R was defined as the temperature range T p -T 0 for each transition. Percentage of retrogradation (R%) was calculated as ratio of enthalpy of gelatinization (Collar and Armero 2018c) to enthalpy of retrogradation at 8 days (Berski et al. 2018) . All samples were analysed in duplicate. Modelling of crystallization data was carried out using the Avrami equation, and model factors were estimated by fitting experimental data for melting enthalpies to the nonlinear re-
n where Θ is crystallinity, H ∞ is the levelling-off value of melting enthalpy at which the extent of crystallization in starch stopped, H t is the melting enthalpy at time t, and H o is the melting enthalpy at initial time, t is the time of crystallization, k is a rate constant, and n is the Avrami exponent.
Statistical Analysis
Statistical package Statgraphics Plus V 5.1 (Statpoint Technologies, Warrenton, Virginia, USA) was used to perform univariate (one-way analysis of variance ANOVA) and multivariate (two-way analysis of variance MANOVA, Pearson correlation matrix, non-linear regression analysis and factor analysis FA) data analysis. Results were presented as the mean value ± standard deviation of at least duplicate determinations. Significant differences within pairs of means were assessed by Fisher's least significant differences test LSD at 95% confidence interval (p < 0.05) in all cases. FA was carried out using a matrix of normalized correlation to calculate the eigenvalues (loadings), eigenvectors and related components with the original variables. The first two factors using principal components as factoring type were plotted to show factor scores in scatter plots for variables and samples.
Results and Discussion
Chemical, Nutritional and Functional Properties of Native and HMT Flours
Characterization of native and HMT flours evidenced significant (p < 0.05) effects of the thermal treatment of flours on main functional parameters, while chemical and nutritional features did not significantly (p > 0.05) depend on HMT, but on the non-wheat flours used (Table 1) . Flours account for variable protein contents (g/ 100 g flour, d. b.) from 6.44 (CN) up to 18.82 (CP), with cereal flours (WT, T) exhibiting intermediate protein levels at about 14%. Amounts of fat and dietary fibre were the highest (7.41%, 25.13%) in CP, the lowest in WT (1.56%, 2.56%), and reached intermediate values in T and CN (4.08-4.79%, 9.23-12.31%) flours, respectively (Table 1) . Total starch content was prominent in WT (77.2%), followed by CN and T (64.1-66.2%), and smaller in CP (at about 47-49%). Amylose content was > 18% (WT), and < 14.5% in main flours irrespective of the thermal treatment application. Obtained data on the chemical and nutritional composition of grain flours are in general in line with previous reports (Gebremariam et al. 2014; Han and Baik 2008; Moreira et al. 2012) . Slight/little effects of hydrothermal treatments on main macronutrient contents were reported for millet (Dharmaraj and Malleshi 2011) and rice (Nakamura et al. 2017) flours, even when submitted to severe treatment conditions of temperature, pressure and/or time.
Bulk density of flours submitted to HMT explicited a discreet increase by 7% in cereal flours, and a decrease of 5-6% in CN and CP (Table 1) . Increase in bulk density after hydrothermal treatments ascribed to a more compacted structure was previously reported for maize (Bolade et al. 2002) and millet (Lawal 2009 ) flours, whereas decreased bulk density with increase in gelatinization for wheat corn extruded flours was observed (Case et al. 1992) .
HMT slightly changed the colour of the flour in cereal samples, except for the significant increase in redness (+ 300% a) and yellowness (+ 25% b) in T ( Table 1) . Colour of CN and CP flours significantly changed on HMT, particularly b values that tripled (CN) and doubled (CP) yellowness, respectively. Increased a and b colour values have been reported for japonica milled heat moisture treated rice flour (Takahashi et al. 2005) , and for hydrothermally treated pearl millet starch (Balasubramanian et al. 2014) , and may be attributed to the change in colour caused by Maillard reaction between reducing sugar from the heated starch and the amino group in the proteins during thermal modification (Lorlowhakarn and Naivikul 2006) .
The SRC test is a solvation assay for flours based on the enhanced swelling behaviour of individual polymer networks in selected single diagnostic solvents-water, 5% w/w lactic acid (LA) in water (for glutenin), 5% w/w sodium carbonate (Na 2 CO 3 ) in water (for damaged starch) and 50% w/w sucrose in water (for pentosans)-which are used to predict the functional contribution of each individual flour component. For flour typically used to produce bread by the sponge-dough method, optimal SRC profile values would be ≥ 100% in 5% w/w lactic acid, ≤ 96% in 50% w/w sucrose in water and ≤ 72% in 5% w/w sodium carbonate extracts (Collar and Armero 2018a) . In this work, a straight dough breadmaking system was used instead, and some mean values for water retention components of flours were outside the typical range for a sponge-dough bread system in mixed and thermally treated flours, especially for native and HMT CN and CP flours and water retention of pentosans (126%) and damaged starch (110%). Results are consistent with an additional deleterious effects of HMT to the replacement of WT flour by T/CN/CP on the optimal SRC profile of mixed flours (Table 1 ).
The swelling power as the ability of the flour to associate with water is primarily a property of amylopectin, where amylose is considered a diluent and an inhibitor of swelling (Hoover et al. 2010 ). In our study, WT flour amylopectin accounted for 58-59%, whereas T and CN flours presented 50-52% of amylopectin content, and CP flour contained at about 35% (Table 1 ). In addition, soluble dietary fibre content of flours followed the order WT < T < CP, and the lipid content followed the order WT < CN < T < CP. T flour shows the highest swelling and WAI values at both 30 and 60°C, while WT exhibits the lowest values only at 30°C. WAI increased significantly (p < 0.05) but slightly in HMT flours, particularly for CN (+ 28% at 30°C, + 18% at 60°C), in accordance with previous results on hydrothermally treated maize grains (Bolade et al. 2002) and millet (Balasubramanian et al. 2014) matrices.
Solubility is a result of amylose leaching, which dissociates and diffuses out of the starch granule during swelling, and corresponds to both hydrophilicity and amylose content i.e. the more the dissociation of inter and intra hydrogen bonds, the more will be the amylose leaching and hence solubility (Lawal 2009 ). In our study, low levels of soluble material (4-6%) were found in both unprocessed and HMT cereal flours, in contrast with CN and CP flours that solubilized 20-30% of material (Table 1) . HMT leads to the formation of watersoluble molecules from small fragments of amylopectin or amylose that may have leached out through opened starch granules of the flour after hydrothermal treatment, and are captured by the measurement of the water solubility index (WSI). Increase in solubility after hydrothermal treatment has been reported previously by Adebowale et al. (2005) for finger millet starch and by Shobana and Malleshi (2007) for finger millet flour, and by Robin et al. (2015) for whole-grain cereals and pseudocereals flours. The increased level of WSI after HMT was found to vary considerably with the grain sources and the severity of the treatment. It has been reported that WSI of amaranth, teff and wheat dramatically changed after extrusion, while lesser changes in WSI levels were shown for quinoa and sorghum, and no changes at all were observed for millet (Robin et al. 2015) . The current conditions used for HMT are milder (15% moisture content, 120°C, 1 h), and effects of HMT were discreet except for WT flour that showed an increase by 50% on WSI at 60°C (Table 1) , implying a higher flour structure susceptibility to degradation during the thermal treatment as compared to the other flours.
Pasting and Gelling
Visco-metric profiles of native and HMT blended matrices illustrated significant (p < 0.05) different behaviour during pasting and gelling (Fig. 1) . Quantitative viscosity patterns of native (000) Fig. 1 ; Table 2 ). The superior viscosity pattern during both pasting and gelling was particularly explicited by sample 100, and the inferior profile was observed in simple 111 (Fig. 1) . Quantitative RVA profile of native blends (000) clearly defined the lowest pasting temperature (89.55°C), maximum viscosity during the holding period (1737 mPa/s) and holding strength (1280 mPa/s), and the subsequent lowest breakdown on cooking (458 mPa/s), followed by the poorest setback on cooling (1037 mPa/s). Single effects of HMT flours (+) on most pasting and gelling parameters were discreet but significant (p < 0.05) (Table 3) , as compared with native flours (−). On cooking, T+ led to increased holding strength (++ 5%), decreased breakdown (− 7%) and promoted viscosity at end of 95°C (+ 16%), while CP+ encompassed a small drop in both peak viscosity (− 2%) and breakdown (− 5%), and CN+ induced a slight promotion in breakdown values (+ 3%). On cooling, T+ increased final viscosity (+ 3%) and viscosity at 50°C (+ 4%), whereas CN+ promoted total setback values (+ 3%) (Table 3) . Simultaneous presence of two flours either native (−) or HMT (+) significantly (p < 0.05) impacted the viscosity profile of blends (Table 4) (Table 4) . It has been reported that HMT starches compared to native starches almost always exhibit an increased pasting temperature or time (Yadav et al. 2012) , indicating that more forces and cross-links are present within the starch granules, along with decreased peak and trough viscosities and breakdown, associated to a loss of ability of the granules to swell freely before their physical breakdown and to more stability during continuous heating and stirring (Adebowale et al. 2005) . Significance of HMT on setback and final viscosities vary among literature reports, according to starch botanical source and HMT conditions (Zavareze and Dias 2011) . The increase in viscosity during the cooling period indicates a tendency of various constituents present in the hot paste (swollen granules, fragments of swollen granules, colloidally and molecularly dispersed starch molecules) to associate or retrograde as the temperature of the paste decreases. Gelation can be characterized as the process by which dispersed starch molecules in an aqueous medium begin to reassociate and form threedimensional network structures. Interchain associations may involve both short-and long-range order depending on the extent of lateral associations between ordered chain segments. Lan et al. (2008) have shown that retrogradation is influenced by the amount of leached amylose, granule size, and the presence of rigid, non-fragmented swollen granules. Chung et al. (2010) found that HMT reduces amylose leaching from starch granules and that this reduction is more significant in starches containing high levels of amylose. They also reported that HMT promotes additional amylose-amylose and/or amylopectin-amylopectin chain interactions, which reduce amylose leaching and decrease retrogradation.
Retrogradation
Bread and other baked products are complex heterogeneous systems consisting of starch and gluten/protein polymers in structurally diverse domains with their own distinct sensitivity to water plasticization. Retrogradation is sensitive to the water content of the baked product because of its action as a plasticizer of amorphous regions, with maximum crystallinity taking place in bread crumb at 35-45% water content (Biliaderis 2009 ). This is the moisture range of the mixed breads under study (41.1-44.4%), indicating that kinetics of deteriorative physicochemical processes in these products (Collar and Armero 2018c ) is likely to be favoured. Crystallization in bread did not occur below 10% and above 80% solids level, but accelerated with increasing water content from 10 to 50% so that the overall response of retrogradation enthalpy to moisture content has been described to follow a bell-shaped curve (Biliaderis 2009 ). At intermediate water contents, formation of B-type crystallites might also reduce the water content of the surrounding amorphous phase and thereby increase its rigidity as observed in increased crumb firming (Collar and Armero 2018c) . DSC thermograms of amylopectin retrogradation for blended breads at any time of storage showed a similar qualitative shape regardless the native/HMT flour composition in the blends (Fig. 2a) . Quantitative changes in the ΔH thermal profile for up to 8 days of storage were defined according to the flour blend composition (Fig. 2b) . Data of starch retrogradation on ageing were modelled using the Avrami equation that provides a convenient means to quantify crystallization kinetics and make comparisons among similar starch-based systems submitted to different processing treatments, as previously reported (Collar et al. 2015) . Results on the model factors ΔH 0 , ΔH ∞ , n r and k r for the enthalpy of amylopectin retrogradation are compiled in Table 2 . Compared to native sample 000, and with some exceptions, HMT blended breads exhibited lower (ΔH ∞ 2.433-2.928 J/g flour vs 3.358 J/g flour) and variable rate (n r 0.4473-1.2912 vs 0.6945; k r 0.2238-0.6210 vs 0.4668) of retrogradation kinetics along storage, with lower percentage of retrogradation R% in most treated samples (43-51% vs 53%), denoting lower extent and slower rate of amylopectin recrystallization (Fig. 2b) .
Native flour (−) replacement by single HMT (+) T, CN and/ or CP significantly (p < 0.05) modified amylopectin retrogradation kinetics (Table 5) , in terms of H ∞ (− 19% T, CP; + 11% CN) and n r (+ 52% T, + 28% CP, − 18% CN). Simultaneous presence of T/CN, T/CP and CN/CP either singly treated −/+, +/− or fully thermally treated +/+ provided changes in the extent and the rate of amylopectin crystallization on bread storage (Table 5 , Fig. 2b ). Suitable trends for meeting the lower retrogradation kinetics were achieved by the pairs T/CP either singly treated (−/+, +/−) or fully treated (+/+), that when incorporated into formulations decreased H ∞ by 27% and 33%, respectively (Table 5) . Slower retrogradation kinetics were provided by the pairs T/CN and CN/CP when added singly treated to quaternary blends, associated to a concomitant drop in k r of 29-32% and 22-24%, respectively (Table 5 ). In accordance, stored bread samples T+/CN+/CP+ (111) and T+/CN−/CP+ (101) explicited respectively the highest and the lowest DSC profiles on ageing (Fig. 2b) , with the greatest (0.6210) and the smallest (0.2238) k r values (Table 2) .
Amylose-Lipid Complex Dissociation
Amylose-lipid complexes constitute a distinct structural domain, as their thermal dissociation occurs in a temperature region (Tm ≈ 100-120°C) different from those of the endothermic transitions of native A or B crystallites of amylopectin and retrograded amylopectin (Tm ≈ 40-55°C) or amylose (Tm ≈ 140-160°C) (Biliaderis 2009 ). Formation and thermal stability of the thermo-reversible complexes are highly dependent on the nature of the ligand, the chain length of amylose and the conditions (temperature-solvent-time) employed during their preparation, and is also influenced by water content. At high moisture contents, single cooperative transitions are observed, implying zero-entropy production melting (i.e. melting without an apparent change in the metastability of the system on heating). As the water content is decreased (< 70% w/w), however, the peak temperature is elevated and a second endotherm at higher temperatures progressively develops (Copeland et al. 2009 ). Some amylose-lipid complexes always exhibited a single transition even at intermediate or low water contents (Biliaderis et al. 1985) as it can be the case of blended samples (41.1-44.4% w/w). Amylose-lipid complexes can be naturally present in starch or formed upon gelatinization of starch in the presence of lipids (Putseys et al. 2010) . Flours used in the present work account for 1.56-7.41 g/100 g flour of lipids (Table 1) . Stored untreated and HMT blended bread samples defined a peak corresponding to an endothermal transition phase with T p ranging from 103.08 to 111.33°C under a wide range R d from 19.78 to 31.91°C, ascribed to the dissociation of amyloselipid inclusion complex (Table 2 ; Fig. 1a ). In agreement with previous results (Collar et al. 2015) , no significant change (p > 0.05) in the magnitude of the endotherm was observed with ageing (Fig. 1a) . The observed values for ΔH d (0.349-0.947 J/g flour) are low as described earlier for water contents below 50%, and probably reflect the complex effect of several processes such as crystallite melting, helix~coil transition and recrystallization phenomena that occur simultaneously (Biliaderis et al. 1985) . Only HMT of T flour has a significant single effect on the enthalpies for the thermal transition (Table 5) , denoted by an averaged decrease in ΔH d from 0.719 to 0.453 J/g flour. Changes may be ascribed to the formation of less thermostable amorphous/crystalline structures, on HMT.
Distribution of Samples According to Their Thermal Characteristics
Factor analysis classified visco-metric and thermal analytical variables of untreated and HMT matrices into two different factors explaining 79.4% of the variability of the results (VE) (Fig. 3a) . Factor 1 (56.3% VE) positively correlated (p < 0.05) with kinetic parameters describing the rate of retrogradation (n r , k r ), and with the viscosity at the end of 95°C. Factor 2 (23.1% VE) significantly (p < 0.05) and positively depended on breakdown on cooking and total setback on cooling (Fig. 3a) . Scores of factor 1 and factor 2 clearly differentiated breads with untreated (0) and HMT (1) T flour in the formulation, and segregated those with no HMT (000) and fully HMT treated (111) in a third group (Fig. 3b) grain and appealing colour features. As well, the lowest value for hydrolysis index corresponded to samples with thermally treated T and CP flours that reached the lowest equilibrium percentage of starch hydrolyzed C ∞ , and hence leading to the lowest expected Glycaemic Index [21] .
Conclusions
HMT of single flours WT, T, CN and CP did not significantly change the chemical and nutritional composition of macro constituents, promoted a discreet increase of the ability of the flour to associate with water and slightly led to the formation of water-soluble molecules from small fragments of amylopectin or amylose that may leach out through opened starch granules. WT explicited the higher flour structure susceptibility to degradation during the thermal treatment as compared to the other flours. HMT also increased the yellowness of non-cereal flours by promoting Maillard reactions and altered the structure compactness by modifying the bulk density of flours. Dilution of the basic wheat flour system by accumulative addition of T, CN and CP flours submitted to partial or total HMT did impact on the disorganization and later reorganization of starch components of the starch-rich blended matrices in excess of water (pasting, gelling) and under water restrictions (retrogradation kinetics). Simultaneous presence of T/CN, T/CP and CN/CP either singly or fully thermally treated provided enhancement of the visco-metric profile on pasting and gelling, and decreased the extent and the rate of amylopectin crystallization on ageing. Suitable trends for meeting the lower retrogradation kinetics were achieved by the pairs T/CP either singly or fully treated, that when incorporated into formulations significantly decreased the levelling-off value of melting enthalpy at which the extent of amylopectin crystallization in starch stopped. Slower retrogradation kinetics were provided by the pairs T/CN and CN/CP when added singly treated to quaternary blends, associated to a concomitant drop in the rate constant. In accordance, stored bread samples T+/CN−/CP+ (101) explicited the lowest DSC profile and enthalpy of dissociation of the amylose-lipid inclusion complex on ageing, but conversely one of the higher viscometric pattern on pasting and gelling. The influence of HMT on the protein and lipid structural features at the interphase starch-lipid-protein remains unexplored in blended wheat-non-wheat matrices. The residual protein solubility in different media, the accessibility of thiol groups inside the protein network and the dynamics of lipid binding to the biopolymers may certainly be affected by the hydrothermal treatment, and as a consequence, they may impact dough viscoelasticity. The research of these (bio) chemical aspects will provide a better understanding of the functionality of the diluted composite wheat matrices submitted to HMT. 
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